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An Analysis of Altered Energy Metabolism in 
Hemorrhagic and Endotoxin Shock 
-Experimental Studies on the Basis of 
Hepatic Mitochondrial Activties-
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(Director: Prof. Dr. TAKAYOSHI TOBE) 
In research a邑topathophysiology of vital organs following progressive shock, it is of great 
importance to define the manner in which cells are damaged and how intracellular derangement 
becomes irreversible. Normally, vital cellular functions and organic structures are sustained by 
sufficient energy supply, for which energy metabolism is adequately regulated by various kinds 
of compensatory mechanism. At the cellular and molecular level, a common denominator exists 
for al forms of shock, regardless of etiology. When supply of both oxygen and substrates to cels 
is limited during shock, cellular energy metabolism is severely depressed, resulting in the depletion 
of ATP Then the life of the cel is endangered as a great number of endergonic biological re-
actions cease and cel membrane starts to mulfunction. In these processes, while certain forming 
of metabolic aberration in shock is remedied with the restoration of normal perfusion, their rela-
tionship of irreversible cel damage remains to be clarified. 
In this experiment, the relationship was examined between the reversibility of shock and the 
cellular energy status, from the viewpoint of energy charge, mitochondrial redox state, oxidative 
phosphorylative activity of isolated mitochondria, and fragility of mitochondrial membrane in rat 
livers following hemorrhagic and endotoxin shock. 
In hemorrhagic shock, the derangement of energy metabolism passed series of four stages. 
Key words: Hemorrhagic shock, Endotoxin shock, Energy metabolism, Liver mitochondria, Hepatic adenine 
nucleotide. 
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At Stage I (Initial stage), the energy charge level decreased significantly to 0.53 with litle changes 
in mitochondrial redox state. Oxidative phosphorylation of isolated mitochondria was main-
tained within normal range. This indicates that cellular energy status decreased due to marked 
energy consumption without any organic damages in the mitochondria. Stage I (Cell distress 
stage) showed that cellular energy imbalance proceeded due to the depressed mitochondrial 
activity in vivo. Energy charge level decreased to 0.49 with a significant fal of mitochondrial 
r巴doxstate to 5.0. However, they were reversible when the blood supply was restored. Stage 
III (Transitional stage) was the phase at which mitochondrial fragility increased severely. Iso-
lated mitochondria were rapidly deteriorated by the short period of aging. The energy charge 
level and mitochondrial redox state were scarcely restored to 0.60 and 6.5 after reinfusion of shed 
blood. At Stage IV (Terminal stage), mitochondria were markedly damaged organically. Ox-
idative phosphorylation of isolated mitochondria decreased to 50% of the normal value. The 
energy charge and mitochondrial redox state showed further decrease to 0.40 and 3.1. Cellular 
energy metabolism was not remedied by any intensive therapies, which inevitably meant the 
death of vital organs. 
In endotoxin shock. the nature of apparent abnormality in fuel substrate utilization was 
clarified concomitant with the alteration of mitochondrial functions. l¥larked differences 
appeared in the time courses of hepatic energy charge and mitochondrial oxidative phosphorylat・
ive activity between the early stage with normal blood pressure and the late stage with low blood 
pressure. In the early stage (Hypermetabolic stage), the hepatic energy charge was maintained 
at near normal levels of 0.83 0.80 with a concomitant enhancement in mitochondrial oxidative 
phosphorylative activity (150 200% of the control). In the late stage (Hypometabolic stage）、
this enhancement of mitochondrial oxidative phosphorylative activity was depressed to 70-50% 
of the control, concomitant with a fal in hepatic energy charge to 0.66-0.52. The mitochondrial 
enhancement was further associated with a fal in mitochondrial redox state (9.4-5.7), a rise in 
ketone body formation to 200°/o of the control, and normoglycemia, indicating an acceleration of 
free fatty acid ,8-oxidation at the hypermetabolic stage. In comparison, mitochondrial inhibition 
was accompanied by a further fal in mitochondrial redox state to 5.7-2.3 and hypoglycemia 
(80-65 mg/dl), indicating an inhibition of gluconeogenesis at the hypometabolic stage. It is 
suggested that an enhancement in mitochondrial oxidative phosphorylative activity is a protective 
mechanism which compensate for the fal in hepatic energy charge, and thus plays an essential 
role in the survival and recovery. 
In both hemorrhagic and endotoxin shock, disturbed energy metabolism of terminal stage 
was greatly associated with the severe impairment of mitochondrial organic structure. 
Thus, itbecame possible to elucidate the mode of derangement of energy metabolism and the 
relationship between the reversibility and irreversibility in shock. It should be emphasized that 
any intensive therapies including cardiovascular adjustment, respiratory assist、andmetabolic 
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Fig. 1. Relationship between blood volume in reservoir and time course following 
hemorrhagic shock 
Initial bleeding: The amount of shed blood to induce hemorrhagic shock 
of 30 mmHg blood pressure within 1 minute 
Numbers of rat are as follows: A (29), B (29），ぐ（8),D(5), E (7). 
又別のシリーズの同じ実験で， A～D群について， piingを行ない．それぞれa群， b群， c群とした．
リザーパー中の血液を約10分間で還血し，全血返還5 乙のc群（9時間群）については，その時の血圧の状態
分後における肝エネルギーチャージ及びミトコンドリ によって， c群（BPミ80mmHg), c2群（30mmHg
アRedoxState （後述）を測定した． <BPく80mmHg), ca群（BP孟30mmHg）に分けて
2. エンドトキシンシ司ツクモデル 検討した．なお本実験における対照群として，同様の
同様にラットを麻酔し，手術台上［ζ固定した後，左 操作を行ったラットに．エンドトキシンの代りに滅菌
大腿静脈及び右大腿動脈を露出し，それぞれにカニュ 生理食塩水を注入し， 3, 6, 9時聞にて sampling

















は5% (1/20), 9時間では55%(11/20), 12時間では
905ぢ（18/20）であった．そ乙で，本実験では，エンドト
キシン注入後， 3時間， 6時間，及び9時間日lとsam-
90% t 150~ 55唱 ． 。叫 5% 圃一
50 
人
。。 3 6 9 12 
TIME(hour司
Fig. 2. i¥!ort<tlit¥' rate and changes in arterial blood 




ジー， ミトコンドリア RedoxState. 
肝をinsituの状態で採取する為，液体窒素（ 196。C)
に浸しておいたステンレス庄挫鉛子にて freezeclamp 
した． ζのうち 2gを液体窒素中で粉砕し， 696(W/V)
の PCA(perchloric acid) 6 ml に移し．直ちにホモジ
ェナイズした． 乙れを 10,000 gにて 04'Cで15分間
遠沈し，上清を採取した．さらにこの時の沈殿に対し．
35'ぢ町、A2ml を加え撹持し，同様 10,000 g, 15分間
の遠沈を行なった．乙の上清を1回目の上清と混ぜ．












= Free NADH 








定し42），呼吸調節能（RC:respiratory control ratio) 
は Chanceの方法にて山，次の如く計算した. (RC= 
state 3 respiration rate/state 4 respiration rate）.酸化
的燐酸化能（PR:phosphorylation rate），すなわち








分離直後のミトコンドリア 1.4～1. 8 mg proteinを
KC！反応液（0.125M KCト0.02 M Tris, pH 7. 4) IC 
混じ， J医濁液を作成した． これを 22'CKて incuba-
ti onし， 520nmの波長をもっ光をあて， その吸光度
を測定した まず10分間の自然膨化をみた後lζ，Pi
(0.01 M）を添加して Piinduced swellingを測定した．
その後，一度膨化したミトコンドリアを収縮させるべ
く， ATP (0. 05 M），牛血清アノレプミン（2mg/ml),




分離直後の ミトコンドリアを，反応液（0.25 M < 
ニトー ノレ， 0.01 M KCJ, 0.2mM EDTA, O.OlM 
Tris-HCI Buffer, 1.5 mM DNP）に入れ， 25mモル
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Table I. Hepatic adenine nucleotide concentration and adenylate energy charge 
in hemorrhagic shock 
ATP ADP AMP Total 
E.C 
μ. moles/ g wet tissue 
GROUPS 
CONTROL (9) I 2. 59土0.07 0.82土005 0. 16±0. 01 i 3.57土o.01 I o.s42土0.008
Group A (8) j 1. 12土0.06*** 1. 32土0.13*** ' 0. 80土o.o5*** , 3. 24 ± o.13* 1 o. 534士0.025*** 
Group B (8) j 0. 80±0. 05料＊ 0. 92土008 0. 83 ± 0.09*** i 日 5± 0.08*** i o.494 ± 0.040山
Group C (5) I 0. 70土0.08紳＊ 0.86±0.09 0.88±0.07＊帥 I2. 44±0. 08*** I o.459土0.042***
Group D (5) I 0. 62±0.10山 i 0. 74 ±0. 08 0. 94 ±0. 06柿＊ I 2. 31 ±0. 08＊柿 Io.428±0.031＊材
Group E (5) ' 0. 51±0.08材＊ I o. 63土0.07* i 0. 90土0.08柿＊ I 2.似 ±0.10＊紳 Io. 402土0.022＊材
Results given are means土SEMwith n values in parentheses. CONTROL: before bleeding, Total: 
ATP+ADP+AMP, E.C: Energy Charge=(ATP+O. 5ADP)/(ATP+ADP+AMP) 




























Cαlire訓 A 8 C D E 
(9) (8) (8) (5) (5) (5) 
G問 l.PS
Fi邑・3. Changes in hepatic energy charge levels fol-
lowing hemorrhagic shock both before and 
after reinfusion of residual shed blood 
*p<O. 05, ***pく0.001 compared with the 











軽度ではあるが低下していた（0.800, p<O. 05). 9時
間群において司血圧の比較的良好な， C1群では， 6時



























Etx (6) ・・・Group b 
9 hours 
Control (5) 2. 41±0. 09 0. 90 ± 0.08 0. 19土o.03 I 3.50±0. 08 I o.817土0.012
Etx (6) ・・・Group c1 2. 20土0.13 0. 98±0. 11 0. 21土0.03 ' 3.39土0.25 I 0. 794土0.015
Etx (6）一・Groupc2 1. 20土0.30** 0. 92士0.08 0. 40土0.07* ' 2.52土0.43* 0. 659土0.045**
Etx (6) ・Groupca I 0. 85土0.12*** 0. 88±0. 06 ' 0. 72±0.11料＊ 2.45土0.23** 0. 527 ± o.031 ＊判
Results given are means土SEMwith n values in parentheses. Etx: treated with endotoxin, Total: 
ATP+ADP+AMP, E.C: Energy Charge=(ATP+O. 5ADP)/(ATP+ADP+AMP) 
*p<O. 05, **p<O. 01, ***p<O. 001, compared with controls 
Hepatic adenine nucleotide concentration and adenylate energy charge 
following injection of endotoxin 
μ, moles/g wet tissue i 
ADP I AMP ! Total I 
0幻士0.051 0.… i 3. 57土
o. 84±0. 06 I o.15±0. 02 13. 50±0. 06 I o.837 ±o.仰
0.88土o.12 0.14±0. 01 I 3.49±0. 23 i o. 835士0.011 
E.C 







0. 800±0. 012* 
3. 56±0. 07 















































(5) (5) (6) (5) (6) (5) (6) (6) (6) 
0 ho11 3 hours 6 hol.n 9 hall's 
Fig. 4. Changes in total amount of adenine nucleotide and energy charge levels 
following injection of endotoxin 
Total adenine nucleotide: ATP+ADP+AMP, Energy Charge: (ATP+ 
0. 5ADP)/(ATP+ADP+AMP) 
*pく0.05, **p<O. 01, ***p<O. 001 compared with control values 
。


















































































Fi量.5. Changes in mitochondrial redox state fol-
lowing hemorrhagic shock both before and 
after reinfusion of residual shed blood 
a: pく0.001 compared with control 
*pく0.05, ＊林pく0.001 compared with the 














警(5) (5) (6) (5) (6) (5) (6) (5) (6) 
0 hour 3 hours 6 hours 9 hours 
Changes in total amount of ketone body and mitochondrial redox state 
following injection of endotoxin 
Total Ketone Body: acetoacetate＋βhydroxy butyrate 
ホp<O.05，ネホpくo.01，本帥pく0.001 compared with control values. 
0.7 




























Table 3. Changes in mitochondrial activities of rat liver following hemorrhagic shock 
GROL’I'S RC ST3 ADP/O PR 
CONTROL (7) 5. 18土0.32 40. 8±3. 8 2. 74土0.07 113.1±13.0 
Group A (5) 6.06士0.58 40.1±3. 9 2. 72±0. 21 109. 6±13. 2 
Group B (5) 5. 5li::O. 94 39. 3±3. 8 2. 68±0.16 105.3土11.6 
Group C (5) ! 4. 94平臥42 39. 8±4. 6 2.49土0.17 103.1土16.9
Group D (5) 4. 88±0. 47 42. 9±4. 5 ~. 45土0.16 105.4土12.7 
Group E (5) 3.12±0.16料＊ 36.5土4.2 1. 62土0.08*** ! 59. 7± 8. 6柿
Values are means+SEM. Numbers of rat appear in parentheses. CONTROL: 
before bleeding, RC: respiratory control ratio, ST3: state 3 respiration rate (n 
atoms/mg protein/min.), PR: phosphorylation rate (n moles ATP/mg protein/min.) 
**pく0.01, ***pく0.001, compared with control 
血前と比して有意差を認めていない．酸化的燐酸化能 (0.3 M ＜ ニトーノレ， 0.02M EDTA）中で incubation




は，末期では著しい機能低下を示すが，かなり長期lζ 見たのが Fig.7である.incubation により正常のミ
わたって活性を保ち得るととがわかる．以上のデータ トコンドリアでも，ATP生成能は約30第（113.l→78. 2 
ーはミトコンドリアの分離直後lζ測定したものである nモノレ／mg蛋白／分， Pく0.05）の低下を示す A～C 
が， 次にこれ等を 22°Cで60分間 isolationmedium 群における agingの効果は，対照群における効果と
150 






















Fig. 7. Aging effect on the mitochondrial oxidative phosphorylation following hemorrhagic shock 
Aging effect was examined by incubating mitochondria at 22。Cfor 60 minutes. 
*pく0.05，料！》 0.01, ***p<O. 001 compared with control values before or after incubation 




低下率約68%，対照群に対し pく0.05). E群では in-
cubation前値がすでに低下しているものの， aging効
果も強く uncouplingの状態を示すことも多かった






































れている.Fig. 9は， 出血性シ司ツクにおける DNP・
induced A TPase活性を， 出血前値と比較したもので
ある. A, B群においては出血前値と差をみないが，
C群で前値の70%(p<0.05), D群で605ぢ（pく0.01) 
と低下し， E群では， 20% (pく0.001）しかなかった．
一方エンドトキシンシ司ツクにおける肝ミトコン ド
Table 4. Changes in mitochondrial activities of rat liver following injection of endotoxin 
GROUPS RC ST3 ADP/0 PR 
一 一一
0 hour 
Control (7) 5. 18土0.32 40.8土3.8 2. 74土0.07 113.1土13.。
3 hours 
Control (5) 5.20土0.25 40.0士3.5 2. 75土0.06 110. 4土12.4 
Etx (6) ・・・Group a 5.83土0.25 50.0土4.2 2.80土0.09 140.1士12.6
6 hours 
Control (5) 5.22土0.27 41. 2士3.7 2. 76土0.08 114. 3土12.5
Etx (6）…Group b 6. 26±0. 32* 58. 7士6.9* 2.85土0.07 165.5土15.8*
9 hours 
Control (5) 5.23土o.33 I 42. 2土3.1 2. 77±0. 08 116. 1士11.5 
Etx (8)・・・Group c1 8. 06±0. 26ホ本＊ 7. 9、7.9** 2.97土0.02 230. 2±22. 4ホ＊
Etx (8）…Group C2 4. 31 ±0. 32* I 31. 2 ±3. 6* 2. 84±0. 05 89. 0±10. 8 
Etx (6）ー GroupCJ 3. 52±0. 33ホ＊ 22. 4土4.6** I 2. 64±0. 13 61. 0土13.7** 
一一一 「ーー
Values are means+SEM. Numbers of rat appear in parentheses. Etx: treated with 
endotoxin. RC: respiratory control ratio, ST3: state 3 respiration r山弘（natoms/mg 
protein/min.), PR: phosphorylation rate (n moles ATP/mg protein/min.) 

















口 Control( before Incubation l 
冒 Control( after inctbation ) 
ロEndct似i「l(出foreincu凶tionl． Endσtoxin (after incubation l 
温 ｜匡週 ｜邑
(5) (5) (6) (5) (6) (5) (8) (6) (6) 
0 hour 3 hours 6 hours 9 hours 
Fig. 8. Aging effect on the mitochondrial oxidative phosphorylation following injection 
of endotoxin 
Aging effect was examined by incubating mitochondria at 22'C for 60 minutes. 
*<0. 05, **p<O. 01 compared with control values before or after incubation 
リアの DNP-inducedATPase活性を Fig.10に示し



























Fi昌－ 9. Changes in DNP-induced ATl'ase activity 
of mitochondria following hemorrhagic 
shock 
本p<O.05, **p、0.01，料＊pく0.001 com par-




























0. 01, p<O. 001），出血性シ耳ツクE群と類似したノマタ
ーンを示した．
6. 動脈血中グルコース漫度













(5) CS> (6) (5) (6) (5) (6) (5) (5) 
O hour 3 hoぽ宮 6 hou『S 9 hours 
Fi邑.10. Changes in DNP・inducedATPase acti-
vity of mitochondria following injection 
of endotoxin 
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Fi邑.12. Changes in swelling and shrinking of mitochondria following injection of endotoxin 
Control is represented as the mean of 0, 3, 6, 9 hours controls (no difference among 
them). 
*pく0.05，紳pく0.01，糾＊p<O.001 compared with the controls at each point 

























Fig. 13. Changes in blood glucose levels following 
hemorrhagic shock 












moglycemia lζ，D, E群では著明な低血糖（D群 74














(5) (8) (5) (5) 
9 hours 
(5) (5) (6) (5) (6) 
0 hour 3 hours 6 hours 
Fig. 14. Changes in blood glucose levels following injection of endotoxin 














































































Redox Stateの還血による回復程度より， A, B群は
可逆的段階であり， Eは完全に不可逆lと陥った状態で
あると言えよう．
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Fi昌.15. Stages of hemorrhagic shock in energy metabolism and mitochondrial alteration 
































































































































































































































以上．エ ンドトキシンシ耳 、ノ クにおける経過をミト
コンドリア機能を中心に述べたが．各 stageと，そ
の特徴を集約すると次の如くになる（Fig.16). 
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Fig. 16. Stages of endotoxin shock in energy metabolim and mitochondrial alteration 
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